Repetitive transcranial magnetic stimulation (rTMS) has recently been demonstrated to improve motor function after stroke. However, no study has yet tested the synergetic effects of physical exercise on rTMS in clinical settings. We investigated the effect of a 6-session course of low frequency rTMS on contralesional primary motor cortex combined with range-of motion (ROM) exercise on paretic hand function in female stroke patients. This was a single-blind study of the effects of rTMS with or without ROM exercise in female hemiplegic patients after stroke. All patients underwent rTMS on the contralesional primary motor cortex for 15 minutes and ROM exercise on the paretic hand. The cortical excitability determined by the amplitude and latency of the motor evoked potential (MEP) was measured in both first dorsal interosseous (FDI) muscles. We also evaluated arm function using Box and Block, arm reach, 9-hole pegboard, power grip, and pinch grip force tests. The rTMS-induced MEP amplitude of the paretic side significantly increased whereas the non-paretic side showed a decrease through every session. However, the MEP latency significantly increased on the non-paretic hand at post-rTMS with exercise, but a tendency of decrement on paretic hand at same application. Motor function showed improvement in the 9-hole pegboard and arm reach tests at post-rTMS with exercise on the paretic side compared with the non-paretic side. A significant correlation was especially noted between motor function and MEP on the paretic side of stroke patients. Low frequency rTMS with ROM exercise improved hand function after stroke. This may, in part, result in additional rehabilitation in stroke patients.
Introduction
Patients after stroke commonly suffer from significant impairments including weakness, loss of voluntary motor control, and spasticity [1] [2] [3] . After completing standard rehabilitation, approximately 50% -60% of stroke patients still experience some degree of motor impairment [4] , and at least 20% remain partially dependent in pursuing activities-of-daily-living (ADL) [5] . Physical therapy for stroke patients primarily concerns requisition of motor function to perform tasks and ADL such as grasping, reaching, and other more physical demanding movements [3] . A previous report has shown a developing role for physical therapy assistants [6] , and some studies have shown that physical therapy can increase upper extremity motor recovery [7, 8] . Range of motion (ROM) exercise is commonly used in clinical settings and mainly aims to preserve flexibility and mobility of joints [9] . In particular, ROM exercise improves function, pain relief, ADL, and symptoms in stroke patients [10, 11] . The interhemispheric competition model indicates that both hemispheres inhibit each other in a competition under natural conditions [12, 13] . Brain injury results in inhibition of the primary motor cortex (M1) of the ipsilesional hemisphere by M1 of contralesional hemisphere without competition. This then causes an abnormal increase of transcallosal inhibition (TCI) from the contralesional hemisphere to the ipsilesional one [12, 13] . Previous studies have reported that repetitive transcranial mag-netic stimulation (rTMS) of the contralesional M1 reduces TCI, thereby disinhibiting ipsilesional hemisphere, and lead to enhanced excitability of the ipsilesional hemisphere [12, [13] [14] [15] . Treatment with rTMS can change excitability of the human cortex for at least several minutes and can influence the metabolic rate of the stimulated cortex area. Therefore, rTMS treatment may lead to functional change in the paretic hand [15, 16] . We were interested in upper extremity motor function of chronic stroke patients after application of exercise and low frequency rTMS of the unaffected hemisphere to downregulate TCI. At present, TMS is not used directly with physical therapy [17] , even though additional physical training can augment the effect of rTMS and it may contribute to functional recovery after stroke [15, 18] . Therefore, as observed for rTMS, we hypothesized that changes in excitability of both hemispheres would be seen following ROM exercise on paretic upper extremity combined with rTMS on the unaffected M1. We examined whether ROM exercise combined with rTMS promotes functional improvement on paretic upper extremity and whether a change in cortical excitability is correlated with improvement of upper extremity reach and grasp in stroke patients.
Materials and Methods
We studied six female patients aged 45 to 75 years (60.0 ± 5.0 years) at least 1 year after stroke ( Table 1) . Each had experienced a single ischemic stroke with more than 1 year of duration and each lesion site was located only in the subcortex, as confirmed by computed tomography (CT) or magnetic resonance imaging (MRI). Their motor deficits in the paretic upper extremity had recovered to the extent that patients could perform grasping tasks. The patients scored in the normal range of the Korean Mini-Mental State Examination. Every participant visited and underwent 6 treatment sessions. Each session included assessment of motor function using Box and Block, 9-hole pegboard, arm reach, power grip and pinch grip force tests. The cortical excitability was determined by motor evoked potential (MEP) amplitude and latency, which observed and rectified by electromyographic (EMG) signals of both first dorsal interosseous (FDI) muscles. Motor function was evaluated 2 times at preintervention and post-intervention 2 (post-rTMS + exercise) and cortical excitability was measured 3 times at pre-intervention, post-intervention 1 (post-rTMS), and post-rTMS + exercise in every single session. In total, motor function was evaluated 12 times, and MEP was measured 18 times (3 times in a session, in 6 sessions) in our experiment (Figure 1) . A MAG PRO butterfly coil (MCF-B65) and MAG PRO R30 (Medtronic, Inc.) were used for determination of resting motor threshold (rMT) and conduction of rTMS for 15 minutes. The coil was placed tangentially over M1 at the optimal site for the FDI muscle during rTMS application. EMG activity was recorded from silver-silver-chloride electrodes positioned in a belly-tendon montage on skin overlying the FDI using KEYPOINT ® . NET software. The rMT was defined as the lowest stimulator output that could activate MEPs with a peak-to-peak amplitude 50 V in at least half of 10 trials. We applied rTMS (1 Hz, 100% rMT, 15 minutes) on the contralesional M1. Immediately after the rTMS procedure, we conducted ROM exercise for 30 minutes on the paretic upper extremity (elbow flexion/ extension, forearm supination/pronation, wrist flexion/ extension, finger abduction/adduction, and thumb and index finger opposition) in the following order: active assistive exercise 10 times, active exercise 10 times, and resistive exercise 10 times on each movement (Figure 1) . All subjects provided their informed consent to participation in the study, and the protocol for the study was approved by the Committee of Ethics in Research of the University of Yongin, in agreement with the terms of Resolution 5-1-20, December 2006. Data were expressed as mean ± standard error (SE). The effect of ROM exercise combined with rTMS was evaluated with an ANOVA for repeated measures and one-way ANOVA. A post-hoc analysis was performed with a Scheffe F test. Any possible correlation between changes in various parameters was determined using a Pearson correlation coefficient test. whereas it led to an increment in MEP amplitude in the paretic hand at 3 time points (Figure 2) . The occurring latency of MEP also was longer in the paretic hands of stroke patients compared with the non-paretic side (Figure 2) . In the non-paretic side, the repetition of rTMS and exercise during the 6 th session elevated the time of latency. As shown in Figure 3(A) , the representative results in the 3 rd session indicate that latency was increased by rTMS treatment. ROM exercise for 30 min after rTMS further increased the latency (Figures 2(A)  and 3(A) ). On the paretic side, the latency of MEP was increased by the rTMS and ROM exercise, and was abolished by the repetition of rTMS and ROM exercise during the 6 th session (Figure 2(B) ). The amplitude of MEP was greater in the non-paretic hands of stroke patients compared with the paretic side (Figures 2, 3(B)-(a'), 3(B)-(b') ). The rTMS and ROM exercise did not alter the amplitude of MEP in the 1 st session but repetition of the stimulation decreased it in the non-paretic side (Figure 3(B) ). In particular, ROM exercise for 30 min after rTMS further decreased the amplitude of MEP in the non-paretic side ( Figure  3(B)-(a') ). In contrast, the amplitude of MEP was increased by the rTMS treatment, which was further elevated by the repetition of rTMS and ROM exercise during the 6 th session on the paretic side (Figure 3(B)-(b) ). Through all 6 sessions, motor function was measured 12 times at pre-rTMS and at post-rTMS + exercise by Box and Block, 9-hole pegboard, arm reach, power grip force, and lateral pinch grip force tests ( Table 2) . Compared with the non-paretic side, the paretic side showed continuous motor function improvement in Box and Block and 9-hole pegboard tests through every session ( Table  2) . According to our results, overall performance time for the 9-hole pegboard test was significantly reduced especially for post-rTMS + exercise compared with pre-rTMS on the paretic hand ( Table 2 ). The Box and Block test on the paretic side also showed a tendency toward overall improvement at post-rTMS + exercise compared with pre-rTMS on paretic side ( Table 2) . We analyzed the correlation between motor function and MEP parameters ( Table 3 ). The 9-hole pegboard and arm reach test results were correlated with MEP amplitude, while the Box and Block, force of power grip, force of pinch grip, and arm reach tests were correlated with MEP latency on the paretic side. Only the pinch grip force was correlated with MEP amplitude on the non-paretic side ( Table 3 ).
Discussion
The present study provides the first direct demonstration that physical therapy combined with rTMS can facilitate cortical excitability and motor recovery in stroke patients. This study was based on the hypotheses that inhibition of TCI by rTMS would result in an increase in cortical excitability in the ipsilesional hemisphere and that ROM exercise added to rTMS would accelerate increases in cortical excitability that ultimately would translate into a motor improvement. We found a clear increase in MEP amplitude on the paretic side whereas the non-paretic hand showed a decrease. The degree of change after ROM exercise in the paretic hand greatly increased at the 6 th session. The changes in MEP amplitude between prerTMS and post-rTMS, on both FDIs, are in agreement with previous studies [14, 15, 18] . These results indicate that treatment with rTMS at 1 Hz over the contralesional hemisphere down-regulates TCI from the contralesional hemisphere to the ipsilesional hemisphere, which then leads to an increase in cortical excitability in the ipsilesional hemisphere of stroke patients. Interestingly, the MEP amplitude of paretic FDI at post-rTMS + exercise significantly increased and to a greater extent than was seen at post-rTMS, with the greatest increase seen at post-rTMS + exercise at the 6 th session. This suggests that physical therapy combined with rTMS may be more beneficial than rTMS alone and that the effect may be umulative over long-term treatment. No previous study c has combined physical therapy with rTMS; nevertheless, we can still compare our results with other studies that adapted motor training with rTMS [15, 18, 19] . These studies also reported increased effects of rTMS when it accompanied motor training. We found consistent results of motor function improvement between post-rTMS and post-rTMS + exercise in the paretic upper extremity in the 9-hole pegboard test during the overall procedure, whereas the non-paretic upper extremity showed no continuous changes. The results cannot be overlooked, especially since continuous improvement was seen for the 9-hole pegboard task, the most dexterity-demanding task among our evaluation tools, in the paretic upper extremity. This may be due to our unique design of ROM exercise intervention that is guided appropriately by a physical therapist. Previous studies combining motor function with rTMS conducted repetitions of simple movements [15, 19] . The upper extremity movement is complex and needs coordinated activation of several different muscles [20] . We also saw trends toward functional improvement between the 1st and final sessions at pre-rTMS in the paretic hand in every motor function test. Motor improvement in the paretic upper extremity corresponded with increases in MEP amplitude on the ipsilesional M1 that were augmented as sessions progressed. This suggests that motor function improvement in the paretic upper extremity is involved with MEP changes in the ipsilesional hemisphere. This result is in accordance with previous studies that reported that MEP amplitude is related to motor recovery [21] [22] [23] . Kim et al. who investigated the relationship between MEP amplitude and motor function, found a significant correlation between MEP amplitude and motor accuracy [19] . Takeuchi et al. indicated that both force of pinch grip and MEP amplitude were increased after application of rTMS and motor training [15] . The results of the present study suggest significant correlations between MEP and motor function. The Box and Block, force of pinch grip, and arm reach test results were strongly correlated with MEP latency and the 9-hole pegboard and arm reach test results were correlated with MEP amplitude in the paretic upper extremity. The force of pinch grip was also correlated with MEP amplitude in the non-paretic upper extremity. Therefore, our motor evaluation tool can be considered appropriate for measurement of motor recovery following changes in cortical excitability. The present study has some advantages. First, it is the first to adopt physical therapy combined with rTMS for stroke patients. As previous studies reported, additional physical training may accentuate the effect of rTMS and lead to functional recovery after stroke [15, 18] . Thus, ROM exercise guided by experienced physical therapy after application of rTMS is an appropriate therapy in this respect. In the present study, ROM exercise after rTMS resulted in a greater excitation of the ipsilesional M1 than when it was performed immediately after rTMS. This implies that ROM exercise can augment the effect of rTMS and can contribute to motor recovery. Although no previous study has applied physical therapy with rTMS, some studies have conducted simple motor training with rTMS [15, 19] . According to the authors, motor functions were improved after motor training as well as after application of rTMS. The ROM exercise and evaluation tools used in this study were designed by considering both actual complex upper extremity movements such as reach and grasp [2] and overlapping brain mapping in the motor cortex [20] . Therefore, we performed ROM exercises from the elbow to the finger joints and used the Box and Block and 9-hole pegboard tests. Correlation analysis in this study also supports the relevance of our motor evaluation tool to detect changes in motor excitability. In a similar respect, Mansur et al. studied the effect of rTMS on upper extremity function as measured by the Purdue pegboard task [24] . Participants showed an improved performance after 1 Hz rTMS in the pegboard task. However, these researchers only measured the pegboard task without additional motor training, unlike the present experimental design. A previous study conducted using 5 days of rTMS reported a cumulative effect that lasted for 2 weeks [14] . We can expect more powerful and long lasting effects from our study protocol because the procedure consisted of one more session (6 days for 6 ses- sions) and we added physical therapy after rTMS to every single session. This study has some limitations that should be examined. First, the quite long duration (1.5 hrs) of each session due to the additional physical therapy after rTMS might have given rise to fatigue, which could have interfered with our results. Second, some participants were excluded during measurement of TMS parameters due to weak responses based on our standard. Therefore, we collected 25 responses in every MEP evaluation (pre-rTMS, post-rTMS, post-rTMS + exercise) to obtaining the mean MEP measurements. In summary, cortical excitability in both hemispheres was continuously changed both after rTMS and after ROM exercise and it was greatly increased after exercise. Motor evaluation tests showed a correlation with MEP. Physical therapy combined with rTMS is suggested as a protocol to facilitate motor recovery of stroke patients.
